The objectives of this study were to examine the effect of different water activities (a w ; 0.99, 0.96 and 0.94) and time (up to 120 hrs) on quantitative and specific enzyme production during germination and initial growth of A. flavus and A. parasiticus strains at 25 o C. This is an important early indicator of potential for aflatoxin production under conducive conditions. Qualitative API ZYM generic enzyme strips were used to identify key hydrolytic enzymes produced. Subsequently, the temporal effects of a w on the total/specific activity of the key 4-5 hydrolytic enzymes were determined using 4-nitrophenyl substrates in a 96-well microtitre plate assay. The main enzymes produced by germinating conidia of A. flavus were esterase, lipase, acid phosphatase, β-glucosidase and N-acetyl-β-Dglucosaminidase, while for A. parasiticus these were alkaline phosphatase, lipase, acid phosphatase and β-fucosidase for both total (µmol 4-nitrophenol min -1 g -1 ) and specific activity (nmol 4-nitrophenol min -1 µg -1 protein). There were significant increases in the specific activity of all these enzymes of germinating spores of A. flavus (0-120 hrs) except 2 for β-glucosidase which was maximum at 72 hrs. The total/specific activities of the enzymes produced by A. flavus were maximum at 0.99 a w , with the exception of acid phosphatase and N-acetyl-β-D-glucosaminidase at 0.94 a w . For A. parasiticus, maximum total activity occurred at 0.99 a w for fucosidase activity, while specific activity was found to be higher at lower a w levels. These enzymes are important in early colonisation of food matrices by these species and single factors (a w , time) and two-way interactions were all statistically significant for the enzymes assayed for both species. These enzymes could be used as an early and rapid indicator of the activity of Aspergillus section flavi species and suggests that rapid infection may occur over a wide range of a w conditions.
Introduction
Aspergillus flavus and A. parasiticus are the most important fungi colonizing cereal grains, nuts and animal feed during storage and responsible for aflatoxin contamination (Magan and Olsen, 2004; Magan and Aldred, 2007) . These fungi germinate, grow and produce aflatoxins over a wider range of environmental conditions. Optimum condition for growth and aflatoxin production differ with the former being optimum at about 30 o C and 0.95 a w , while toxin production being optimum at about 25-30 o C and 0.99 a w (Sanchis and Magan, 2004) . Recent studies suggest that aflatoxin can be produced within 2-3 days as indicated by expression of the key genes in the cluster and phenotypic quantification using analytical methods (Heydt-Schmidt et al., 2008) . Indeed, kinetic studies with Penicillium verrucosum have shown a close correlation between hydrolytic enzyme production and ochratoxin production (Magan and Aldred, 2007a) . Pitt and Miscamble (1995) showed that the impact of environmental factors on growth of A. flavus, A. parasiticus and A. oryzae was similar with minima of 0.82 a w at 25 ºC, 0.81 a w at 30 and 37ºC. However, much less information is available on how rapidly colonisation occurs under conducive conditions and little attempt has been made to quantify the key hydrolytic enzymes produced during the early stages of infection (Mellon et al., 2007) . This could be an important indicator of the ability for colonisation and infection and may contribute to the competitiveness of this important aflatoxigenic group. Infection of maize grain by A. flavus has received more interest and pectinases, amylases and cutinases have been implicated in this process (Cotty et al., 1990; Woloshuk et al., 1996; Guo et al., 1996; Mellon et al., 2007) . The pericarp is the outermost layer of maize kernel and provides effective protection from fungal invasion. It consists of several 3 layers of cells which differ in their degree of degradation and cell wall thickness (Kent and Evers, 1994) . Thus the production of a range of enzymes may be advantageous for infection of maize kernels by Aspergillus spp. pre-or post-harvest. It has been suggested that the production of specific hydrolytic enzymes by spoilage fungi on temperate cereals can be a good early indicator of the initiation of moulding and mycotoxin production in grain postharvest (Magan, 1993a) . A range of enzymes is present in healthy cereals grains (Reed and Thorne, 1978) and others may be produced by colonizing spoilage fungi (Stevens and Relton, 1981; Jiminiz et al., 1986; Petruccioli et al., 1988; Jain and Lacey, 1991) . These previous studies showed that Aspergillus spp. can produce amylase, protease, β-glucosidase, phosphatase, pectinase, lipase and amidase. Amylases and proteases are usually produced in the largest amounts by these species. However, much less information is available in relation to environmental factors such as water availability (Marin et al., 1998; Keshri and Magan, 2000) . Steven and Relton (1981) compared hydrolytic enzymes activity in barley seeds alone or when colonized with Aspergillus spp. and found more alkaline phosphatase, aryl sulphatase and α-amylase activities in the inoculated grain. Jain and Lacey (1991) using chromogenic 4-nitrophenyl substrates found that the largest quantities of enzymes produced by Aspergillus, Penicillium and Eurotium spp. were N-acetyl-β-D-glucosaminidase and α-D-galactosidase during colonization of barley/wheat grain. However, specific activities were not determined. Marin et al. (1998) showed that Fusarium verticillioides and F.
proliferatum produced large quantities of α-D-galactosidase, β-D-glucosidase and N-acetyl-β-D-glucosaminidase during early colonization of maize kernels. Other semi-quantitative and agar based enzymatic tests have suggested that Aspergillus spp. produce large amounts of hydrolytic enzymes such as N-acetyl-β-D-glucosaminidase, β-D-glucosidase, phosphatases, fucosidases and sulphatases although effects of environmental factors were not investigated. However, production of some of these enzymes may also be indicative of early mycotoxin production as part of the ecological strategy for effective competition in ripening cereals pre-harvest (Magan and Aldred, 2007b) .
The objectives of this study were thus to (a) evaluate the key hydrolytic enzymes produced by A. flavus and A. parasiticus qualitatively by using a range of enzyme substrates, and (b) determine the effect of a w and time (120 hrs) on total and specific activity of up to 5 important extracellular enzymes produced during the initial phases of growth of these species in vitro at 25 o C.
4

Materials and methods
Fungal isolates
One representative strain each of Aspergillus flavus (A-2092) and A. parasiticus (PRR-2747) was used in all experiments. Initial studies with three strains of each suggested that these were appropriate representatives. The isolates were maintained on malt extract agar (MEA, 20 g glucose, 1 g peptone, 20 g agar, 1000ml distilled water, pH 5.5). The strains were isolated from maize and produced aflatoxins. They are held in the Applied Mycology Group Culture Collection, Cranfield University, Bedford, UK. (Magan and Lacey, 1984) . Initial studies involved culturing in broth medium in flasks (conidia, 10 5 spores ml -1 ) and incubation on an orbital shaker at 25ºC for 6 days before the mycelium was removed by filtration through Whatman No.1 filter paper.
Initial
After centrifugation for 5 min the extracellular enzyme activity were tested using API ZYM galleries (API system S. A., Montalieu Vercieu, France). This is a semiquantitative micro-method that allows a rapid and simultaneous evaluation of 19 enzymatic activities using very small amounts of sample (Table 1) . The substrates are contained in support strips, which allow contact between the enzymes and substrates. Each cupule of the API strip was inoculated with 65μL of culture filtrate and incubated at 37ºC for 4 hrs. After incubation, one drop (35 μL) of ZYM A reagent and an equal amount of ZYM B reagent were added simultaneously. The colours became visible within 30 mins and the results were semi-quantitatively graded using the colour chart supplied with the API ZYM kit. (5 mm diameter) were removed from each replicate using a surface sterilised cork borer.
Effect of water activity and time on quantitative production of enzymes
The agar discs were placed in 4 ml potassium phosphate extraction buffer (10mM; pH 7.2; BDH, U.K.). The bottles were shaken on a wrist action shaker (KS250 basic, IKA labortechnik) for 1hr at 4ºC. The washings were decanted into 1ml plastic Eppendorf tube and centrifuged for 10 min at 1150 x g in a bench microfuge (MSE Cenetaur 2). The supernatant was removed and specific activity determined as described previously (Marin et al., 1998) .
Total enzyme activity determination
The 4-nitrophenyl substrates and buffers used are listed in Table 2 . Enzyme activity was measured by the increase in optical density at 405 nm caused by the liberation of 4-nitrophenol after enzymatic hydrolysis of the substrate, three minutes after stopping the reaction with 1M Na 2 CO 3 .
For analysis the reaction mixture consisted of 40 μL of substrate solution, 40 μL of enzyme extract and 20 μL of the appropriate buffer. These were placed in the wells of the microtitre plate, together with appropriate controls and incubated at 37ºC for 1hr. The reaction was stopped by the addition of 5 μL of 1M Na 2 CO 3 solution. The enzyme activity was measured using a MRX multiscan plate reader (Dynex Technologies Ltd, Billinghurst, West Sussex, U.K.) by the increase in optical density at 405 nm caused by the liberation of p-nitrophenol by enzymatic hydrolysis of the substrate. Total enzyme activity was calculated from the calibration curve of absorbance at 405 nm against p-nitrophenol concentration and expressed as μmol p-nitrophenol released min -1 . The calibration curves were made using concentrations in the range 0-3.5 μmol ml -1 of p-nitrophenol at relevant pH values.
The total enzyme activity provides information on the overall amounts of enzyme produced. It is also important to have information on the specific activity which is related to the amount of protein present provides important complementary information and better reflects the dynamics and behaviour during infection of the substrate (Marin et al., 1998) .
Specific Enzyme Activity determination
Total protein in the extracellular extract was measured using the 
Statistical analyses of the results
Variance of both total and specific activity results were analysed and effects of the different factors involved in the experiment and their interactions are shown at 95% level (P≤ 0.05) significance. LSD tests were also made (P=0.05) for the significant factors found.
All statistical analyses were made using SAS. 
Results
Semi-quantitative determination of enzymes by API ZYM system
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Studies were subsequently focussed on the temporal production of total and specific activities of these enzymes in more detail under different a w regimes. were produced at 0.99 a w while the specific activity of acid phosphatase, and N-acetyl-β-Dglucosaminidase was maximum at 0.94 a w . Acid phosphatase was maximum at 120 hrs at 0.96 a w . In general, specific activity of all enzymes significantly increased over time.
Effect of water activity and time on
However, specific activity of lipase and N-acetyl-β-D-glucosaminidase were optimum earlier (48-72 hrs) and then varied while that of β-glucosidase activity progressively decreased after 72 hrs.
Effect of water activity and time on the predominant enzyme production by A. parasiticus
A comparison of the total enzyme activity of alkaline phosphatase, lipase, acid phosphatase and β-fucosidase in extracts from A. parasiticus grown on CYA is shown in Figure 4 . Optimum total activity was at 0.96 a w for both acid and alkaline phosphatases and 0.94 a w for lipase. However, differences were non-significant at P<0.05. The exception was β-fucosidase where total activity was maximum at 0.99 a w , and significantly lower and similar at both 0.96 and 0.94 a w . Furthermore, the total activity of all the four enzymes increased significantly over time.
For specific activity, a comparison of the four enzymes is shown in the Figure 5 .
Specific activity of alkaline and acid phosphatase were optimum at 0.96 a w while that of lipase and β-fucosidase was higher at 0.94 a w . However specific activity of alkaline and acid phosphatase increased up to 72 h but then decreased. 8 Table 3a shows the analysis of variance of results and the effect of single and two way factors on the total and specific activity of the five enzymes produced by A. flavus. For esterase, lipase, acid phosphatase, β-Glucosidase and N-acetyl-β-D-glucosaminidase from A. flavus, single factors (a w , time) and two-way interactions were significant (P < 0.01) for both total and specific activity. A similar trend was found for alkaline phosphatase, lipase, acid phosphatase and β-fucosidase from A. parasiticus (Table 3b ). However a w x time for total activity of alkaline phosphatase was only significant at P<0.05.
Interactions between assayed factors
Discussion
This study investigated the very early phases of germination and mycelial colonisation by A. flavus and A. parasiticus by quantifying the capacity for hydrolytic enzyme production under different water availability conditions. This showed that a range of hydrolytic enzymes were produced over a range of a w levels for both species. Although initial studies were done in liquid culture to identify key groups of enzymes, we used solid agar based medium for subsequent studies as colonisation would normally on solid grain matrices. Thus the quantitative assays were more relevant to colonisation rates and perhaps indicative of potential for initial mycotoxin production.
The major enzymes produced by A. flavus were esterase, lipase, acid phosphatase, β-glucosidase and N-acetyl-β-D-glucosaminidase while for A. parasiticus these were alkaline phosphates, lipase, acid phosphatase and β-fucosidase in terms of both total and specific enzyme activity. Previous work has examined enzymes as an indicator of early colonisation of spoilage fungi prior to visible growth in stored grain (Magan, 1992) . Some of these enzymes and lipases were found to be variously affected by incubation period, a w and temperature. Studies with fumonisin producing F. verticillioides and F. proliferatum strains found that the total and specific activity of α-D-galactosidase, β-D-glucosidase and Nacetyl-β-D-glucosaminidase, were important during early germination and growth with maximum being produced at 0.98 a w , with significantly less at 0.95 and 0.93 a w (Marin et al., 1998) .
Fungi have evolved different strategies to invade nutritional matrices. Hydrolytic enzyme production is one of the best early indicators of fungal spoilage prior to visible signs of growth and mycotoxin production (Jain and Lacey, 1991; Magan, 1993a; 1993b) . A range of enzymes are present in healthy cereal grains (Reed and Thorne, 1978) and others may be produced by colonizing fungi (Jiminez et al., 1986; Petruccioli et al., 1988) . These enzymes include cutinases, cellulases, pectinases and proteases (Knogge, 1996) . There are three major types of enzymes required for the hydrolysis of crystalline cellulose to glucose.
These are endoglucanases, exoglucanases and β-glucosidases. Penetration of plant matter may be achieved quite simply by entry through the plant's natural openings or by utilizing a route through non-cellulosic areas. It has been shown that A. flavus can produce cell wall degrading pectinases, and may secrete extracellular cutinases to enable effective infection through the pericarp of maize kernels (Guo et al., 1996; Mellon et al., 2007) .
The present study suggests that lipase, β-glucosidase, N-acetyl-β-D-glucosaminidase and esterase may be suitable indicators of colonization of A. flavus and lipase, acid phosphatase and β-fucosidase for A. parasiticus. In general, total activity may be a more useful and rapid method than measurement of specific activity on a protein basis because the former method is more sensitive in detecting fungal production of enzymes than the latter. This study has also shown that the above mentioned enzymes are produced over a wide range of water availabilities, enabling the fungi to rapidly colonize the substrate. This together with the capability for rapid germination, growth and also mycotoxin production as was shown for Fusarium section Liseola species (Marin et al., 1996; Keshri and Magan, 2000) could partially explain their competitiveness in the substrate niche and their ability for excluding other fungi once becoming established (Magan and Aldred, 2007b) . Lucine arylamidase L-leucyl-2-napthylamide E6
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